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XNTRODUCTIOS 
Thc r c s c n r c h  c n r r i c d  o u t  undcr  g r a n t  N5G-9033-3 was 
d i r e c t e d  toward  thc? f o l l o w i n g  objectsS.ves: i I 
I. Const ruct :  arld t e s t  aquipmant  a11d calllrct Eliald d a t a  ! 
to  v c r i f y  t h o  l i g h t  a b s o r p t i o n  modol (LAM) developed from I 




b i d i r c c t i o n n l  r e f l e c t a n c e  model. 
2. U s e  t h e  S u i t s  model o f  r c f l c c t a n c e  and n s u i t a b l e  
a tmospher ic  nlodcl t o  p r e d i c t  t h e  Landoat-2 M u l t i s p e c t r n l  
Scanner  (MSS) d i g i t a l  c o u n t s .  
This  r e p o r t  is diviclcd i n t o  two main p a r t s .  The f i r s t  i s  
.I d e s c r i p t i o n  o f  t h e  c q u i p a c n t  dcvclopcd from a b a s i c  d e s i g n  
o f  Norman, T h u r t a l l ,  and Tanner [ 2 ]  f o r  t h e  measurement o f  
l i g h t  a b s o r p t i o n  w i t h i n  t h c  canopy. The l a s t  p a r t  i s  a 
do t a i l e d  Aesc r ip t io r l  of  tire method developed to  e x t e n d  ground- 
bnscd b i d i r e c t i o n a l  r e f l e c t a n c e  mcast~rernents  up th rough  a 
s t a n d a r d  a t ~ n o s n h e r c ,  th rough  t h c  f i l i t e r  and g a i n  f a c t o r s  o f  
t h e  MSS, and e x p r e s s  t h c  r e s u l t s  a s  MSS d i g i t a l  c o u n t s  i n  t h e  
f o u r  Landsat-2 c h a ~ ~ n c l s .  F u r t h e r  u s e  o f  t h e  method t o  exp3:ess 
S u i t s  nlodel c a l c u l a t i c i s s  a s  Landsat-2 d i g i t a l  c o u n t s  i s  
discussed. 
The r a t i o n a l e  f o r  t h e  p r o j e c t  i s  t o  s t r i v e  f o r  ways t o  
u t i l i z c  t h e  predictive powcr of  t h e  S u i t s  model. The f i r s t  
objective t h a t  c o n c e r n s  t h e  l i g h t  a b s o r p t i o n  model i s  o u r  
e f f o r t  t o  b o t h  a c c u r a t e l y  d e s c r i b e  t h e  l i g h t  i n t e r c e p t i o n  by 
a v e g e t a t i v e  canopy and to  a t t e m p t  t o  measure t h i s  i m p o r t a n t  
q u a n t i t y  from t h o  r c f l e c t c d  m d i a t i o n .  Once t h e  method i s  
v e r i f i e d  a s  b o t h  p o s s i b l e  and a c c u r a t e ,  t h e n  a p p l i c a t i o n  t o  
t h e  r e a l  E i e l d  s i t u a t i o n  may n o t  bo p o s s i b l e  because  of  s o i l  
background v a r i a b i l i t y  o r  v a r i a b i l i t y  nf t h e  a tmosphere .  
A p p l i c a t i o n  o f  t h e  second method of e x t e n d i n g  ground-based o r  
model-bascd h i d i r o c t i o n a l  r e t , c c t a n c e  t o  s a t e l l i t e  r e s p o n s e s  
w i l l  p r o v i d e  3 v r l u a b l e  t o o l  i n  e s t a b l i s l r i n g  c a u s e  and e f f e c t .  
Many q u e s t i o n s  can  b e  answered t h r o u g h  such a  c a p a b i l i t y  such  
a s :  What i s  t h e  minintum d e t e c t a b l e  v e g e t a t i o n  on a  g i v e n  s o i l ?  
Can n change i n  l e a f  s l o p e  be d o t e c t c d  from s a t e l l i t e ?  How d o  
the d i g i t a l  c o u n t s  change a s  a  f i x e d  amount of v e g e t a t i o n  
(Leaf Arca Index)  i s  r c d i s t r i b u t c d  from 100% ground c o v e r  to ,  
s a y ,  308 ground c o v e r ?  i 1 
C e r t a i n l y  all t h o  g u c s t i o n s  onc a s k s  of a model w i l l  n o t  , B i 
be answered q u a n t i t a t i v e l y  c o r r e c t l y ,  b u t  c e r t a i n l y  t h e  { 4 
1 answer can y i e l d  some nleasure of understanding of  the  t r e n d s  
ii 
~ x p e c t e d .  ii 1 1 ms 
ClIAPVER X 
i LXGIIT MEASURING STXCK 4 h 
i 
d i f f i c u l t  k o  mnku becausa oE t h o  s t r o n g  vnsiaCion i n  l i g h t  
i n k a n s i t i a s  a t  a givorl 1ev0l.  3'110 approach that: has becsn used 
l l o r i z o l ~ t n l  t r a c k  such that: n collthnuous measurelnent: a c r o s s  
s a v e r n l  rows could ha i n t u g r a t a d  t o  g i v e  a mann va luo  f o r  a 
Eisod sun ang la ,  Thu l i n i i t a C i . ~ n s  o f  k f l i s  niciblrod wal:a (a) lnok 
of p o r t a b i l i t y  srld ( h )  axycnsr?. trlic s ~ l u k l o n  wo I~nva dovised 
has solved both yuobla~iis. Tho p o s s i b l a  t rndo-off  i s  parhnps n 
less r a p r e s a n t n t i v o  average valuo  for t h a  l i g h t  i n t e n s i t y  aC 
n givon lcv t l l  i n  tho canopy whcn ri\adc Ez-om n s i n g l a  rending.  ; d 
Sonia p o s s i b l a  s o l u t i o n s  to  this li~r\it;at;ican w i l l  be suggastedl ! I 1 4 
P 
a t t a r  the d c v i c a  i s  dsacribcd.  1 4 
r 
L igh t  S t i c k  Dasigll 
i 
1 During tho timo wc? wore working a n  t h a  l i g h t  nbsor&t ion  i I I 
C 
r, 




t h i s  e a l c u l n  t . i , ~ n ? ~  D r .  Ed Kt~nonrclsu ~ r ~ c i ~ t i o ~ ~ e d  such n device  [ 1 




i ne spsns ivc  conrysnants. lie r e f a rucd  us  t o  thu work o f  
Norman, ! t lhur tol l  and Tnt\neu 12) as a source  of s p e c i f i c  
, 
E i l t ~ r s  t h a t  could be wscd on tho  dovica .  Thc l i g h t  doteckor  
i s  a 54800 s i l i s s n  photnvokknic ca l l  iaanufncturod by GC 
Electronics, Divisior'l of  I ~ ~ ~ z " Q I \ \ Q ~ A . ~ s ,  XJIC. , Rockf oxd, X l l i n o i s  
61100, with a s p o c t r n l  s s n s i t i v i t y  i n  the range 400-1200 tlm. 
Tha c o s t  was about  $4 .00  each from n l o c a l  e l o s t r o n i c s  supply 
housc. A light d i f t u s a r  a s  shown i n  t he  diagram was needed 

t o  i n s u r e  t h a t  t h e  p h o t o c o l l  cou ld  a c c e p t  l i g h t  e q u a l l y  Erom 
a l l  a n g l e s .  The a r r a y  w i t h  d i f f u s e r  v iewing a c o l l i m a t e d  l i g h t  
s o u r c e  s h o u ~ d  show a n  i d e a l  c o s i n e  response .  
D i f f u s e r  m a t e r i a l s  were t e s t e d  c x t c n s i v e l y  for t h e  i d e a l  
i 
cosine r e s p o Q s e  (Lambert t  s Law). We t a s t e d :  
a )  1 nur t h i c k  t e f l o n  
b) 4 nun t h i c k  t e f l o n  I 
C )  3 nun t h i c k  p l a s t i c  foam pack ing  m a t e r i a l  
d )  w h i t e  p a p e r  ( t h i n )  
e)  o p a l i z e d  whi te  g l a s s ,  6 111m t h i c k  
% )  E r o s t e d  g l a s s  
9) sandwich o f  t e f l o n  and g l a s s  
h )  t h i n  g l a s s  p l  ,!:es 
i) t h i n  c l e a r  p l a s t i c  
j) sanded p l a s t i c .  
Good c o s i n e  r e s p o n s e  was o b t a i n e d  from bokh t h e  w h i t e  
p a p e r  and t h e  o p a l i z a d  w h i t e  g l a s s .  The ~ p a l i z e d  g l a s s  
r e s p o n s e  i s  shown i n  F ig .  1. The g l a s s  was chosen because  it 
had a l a r g e r  t r a n s m i t t a n c e  i n  the v i s i b l e  spect rum t h a n  t h e  ! 
i i 
w h i t e  papcr .  Kerr, T h u r t e l l ,  and Tnnhcr c 3 1  p o i n t  o u t  t h e  
advan tage  of  using a t h i c k  m a t e r i a l  f o r  a  d i f f u s e r  because  t h e  
e d g e s  p i c k  up l i g h t  a t  l a r g e  a n g l e s  of i n c i d e n c e .  Opnl ized  
g l a s s  was used f o r  t h e s e  r e a s o n s .  
The f ac t  t h a t  t h i s  d i f f u s i n g  m a t e r i a l  w a s  q u i t e  t h i c k  may 
have  he lped  t h e  a c c e p t a n c e  of r a d i a t i o n  a t  l a r g e  a n g l e s  
because  oE t h e  r a d i a t i o n  e n t e r i n g  t h e  edges .  The w h i t e  
o p a l i z c d  g l a s s  was o b t a i n e d  Erom a  l o c a l  s u p p l i e r  of p l a t e  
g l a s s .  Thcy c u t  i t  i n t o  s m a l l  s q u a r e s  t h a t  would j u s t  f i t  t h e  
clear  p l a s t i c  c a s e  i n  which t h e  p h o t o c e l l s  were sh ipped .  The 
p h o t o c e l l s  were 1 8  mm x 1 8  nun s o  t h e  g l a s s  w a s  a b o u t  20 mm a n  
& s i d e .  The g l a s s  s q u a r e s  were t h e n  connec ted  t o  t h e  c l e a r  
p l a s t i c  w i t h  c l e a r  epoxy. The g e l a t i n  f i l t e r s  were o r d e r e d  
from a  Kodak p h o t c  p r o d u c t s  d e p l e r ,  CC-20M Wrat ten  and Wrat ten  h 
89-B. S i n c e  me?sueements i n  t h e  p h o t o s y n t h e t i c a l l y  a c t i v e  
r e g i o n  (PAR)  a r c  u s u a l l y  d e s i r e d ,  t h e  f i l t a r s  wara used  to  , t 
o b t a i n  a  s e n s i t i v i t y  from 500-700 nm. (See F ig .  2.)  
The s i l i c o n  ce l l  must have i ts  ir r e s p o n s e  f i l t e r e d  to  
*I 
accompl ish  n r e a d i n g  of t h e  PAR. Selenium cells  have  been14] j 
used because t h e y  d o n ' t  r e s p o n s  t o  i r ,  b u t  t h e y  have many 
u n d e s i r a b l e  e f f e c t s ,  i .e . ,  f a k i g u e  i n  h i g h  i l l u m i n a t i o n ,  
" '1 
i 
i n s e n s i t i v i t y  a t  l o w  l i g h t  l e v e l s ,  and l a r g e  t e m p e r a t u r e  
s e n s i t i v i t y .  A f u r t h e r  purpose  o f  t h e  f i l t e r s  i s  t o  t a i l o r  
t h e  r e s p o n s e  so t h a t  a  quantum r e s p o n s e  i s  o b t a i n e d  s u c h  t h a t  
a n  energy  f l u x  i s  o b t a i n e d  from t h e  ce l l  r e a d i n g .  (See  F i g .  3 .) 
Each s i l i c o n  ce l l  was checked and  t h e y  were grouped by 
t h e i r  r e s p o n s e  t o  a c o n s t a n t  l i g h t  s o u r c e .  The s m a l l  d i f f e r -  
e n c e s  were presumably due t o  s u r f a c e  i m p e r f e c t i o n s  or  1 
J 
v a r i a t i o n s  i n  doping.  The 2 4  ce l ls  t e s t e d  were d i v i d e d  i n t o  
two g roups  and t h e  h i g h e s t  2  and l o w e s t  2  cel ls  were e l i m i n a t e d ;  
t h e  remain ing  d i f f e r e d  by o n l y  a  few p e r c e n t  i n  t h e i r  r e s p o n s e  
to  a f i x e d  s o u r c e  of  l i g h t .  The ce l l s  were p a r t i a l l y  masked 
w i t h  v i n y l  e l e c t r i c a l  t a p e  t o  g i v e  less t h a n  1% v a r i a t i o n  from 
c e l l  t o  c e l l .  
t 
The p l a s t i c  u n i t s  i n  which t h e  p h o t o c e l l s ,  f i l t e r s ,  and 
d i f f u s e s  were l o c a t e d  were t h e n  connec ted  on 1 0  c m  c e n t e r s  
a l o n g  a  s l e n d e r  aluminum s t r i p  a b o u t  1 3 0  c m  l o n g  to  a l l o w  a 
Mtai~t ten I- i l tc . t* \  
I ) i t  t i ~ w r  
I . '  , ?  1 
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s h o r t  d i s t a n c e  a t  one end f o r  c? hand g r i p .  The cells  were 
w i r e d  i n  p a r a l l e l  and connected  t o  a d o u b l e  throw t o g g l e  
s w i t c h  s o  t h a t  t h e  s h o r t  c i r c u i t  c u r r e n t  c o u l d  be r e a d  th rough  
a 500mA amveter .  (See Fig .  4 . )  
U s e  o f  t h e  L i g h t  S t i c k  
The i n s t r u m e n t  was t e s t e d  f o r  a b o u t  15-20 h o u r s  i n  a 
d e n s e  c o t t o n  f i e l d  n e a r  McAllen, Texas.  Two problems s u r f a c e d  
d u r i n g  t h e  t e s t i n g .  The f i r s t  was t h e  mechanica l  c o n n e c t i o n  
o f  t h e  w i r e  between t h e  ammeter and t h e  l i g h t  s t i c k .  T h i s  
w i r e  was a b c u t  3m l o n g  t o  a l l o w  a second p e r s o n  to  h o l d  t h e  
meter and r e c o r d  r e a d i n g s  w h i l e  t h e  o p e r a t o r  p l a c e d  t h e  s t i c k  
a t  v a r i o u s  l e v e l s .  A v e r y  f l e x i b l e  wire was used t o  r e p l a c e  
I t h e  o r i g i n a l ,  s t i f f  wire. The second problem was t h a t  a 
t 
p l a s t i c  case opened up upon c o n t a c t  w i t h  a c o t t o n  s t a l k  and 
t h e  f i l t e r s  blew away i n  t h e  wind, The problem was n o t  
s o l v e d  b u t  c a r e  was e x e r c i s e d  i n  t h e  f u t u r e  t o  p r e v e n t  a 
r e c u r r e n c e  of t h e  problem. Spare  f i l t e r s  were a lways  c a r r i e d  
t o  t h e  f i e l d  w i t h  t h e  i n s t r u m e n t .  
Use o f  t h e  i n s t r u m e n t  was a s  f o l l o w s :  t h e  s t i c k  was 
p l a c e d  h o r i z o n t a l l y  above t h e  l e v e l  o f  t h e  c r o p  i n  w i t h  t h e  
v i s i b l e -  and i r - s e n s i t i v e  ( V I R )  cel ls  l o o k i n g  v e r t i c a l l y  
upward and t h e  i r - s e n s i t i v e  ce l ls  l o o k i n g  downward. The 
s w i t c h  i s  o p e r a t e d  by t h e  p e r s o n  h o l d i n g  t h e  meter and 
r e c o r d i n g  d a t a .  The s t i c k  i s  t h e n  r o t a t e d  t o  g i v e  a r e a d i n g  
from downward-looking V I R  cel ls  and upward-lookiny i r  cells .  
The incoming PAR a t  t h e  t o p  o f  t h e  canopy i s  o b t a i n e d  by 
s u b t r a c t i n g  t h e  i r  (upward-looking) from t h e  V I R  (upward- 
l o o k i n g ) .  The same p rocedure  f o r  downward-looking r e a d i n g s  

y i e l d s  t h e  PAR l e a v i n g  t h e  canopy an4 t h u s  t h e  r a t i o  g i v e s  
t h e  r e f l e c t a n c e  o v e r  Ctle PAR spect rum.  Likewise  t h e  i r  
r e f l e c t a ~ ~ c e  can be c a l c u l a t e d .  
The l i g h t  abosrbed i n  any l a y e r  c a n  be s i m i l a r l y  measured 
by t h e  incoming, r e f l e c t e d ,  and t r a n s m i t t e d  r a d i a t i o n .  I n  
by t h e  incoming. One a d d s  t h e  downwelling r a d i a t i o n  a t  
t h e  t o p  and t h e  r a d i a t i o n  a t  t h e  bottom of  t h e  l a y e r  
t o  g i v e  t h e  The o u t g o i n g  i s  t h e  upwel l ing  
1 
any  l a y e r  t h e  absorbed energy  i s  t h e  d i f f e r e n c e  between t h e  
I a t  t h e  top p l u s  t h e  dow,nwelling a t  t h e  bottom. Any h o r i z o n t a l  
incoming and ~ u t g o i n g .  
l a y e r  can  be measured i n  t h i s  ntannler. I 
Thz p e r c e n t  can be found by d i v i d i n g  
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CROP XDENTIFICATION AND LEAF AREA INDEX CALCULATIONS 
WITH LANDSAT MULTXTEMPORAL DATA 
I n t r o d u c t i o n  
LeMaster and Chance [ l ]  have shown t h a t  t h e  S u i t s  Model 
f o r  v c g c t a t i v e  canopy r o f l e c t a n c c  p r e d i c t s  o s i m p l i f i e d  
f u n c t i o n a l  r e l a t i o n s h i p  f o r  canopy r e f l e c t a n c e  as a f u n c t i o n  
o f  
X - wavelength  (nm) 
n - l e a f  a r e a  i n d e x  (LAI) 
m l  - a i r  mass between sun and c r o p  canopy 
m2 - a i r  Inass between s e n s o r  and c r o p  canopy. 
T h i s  r e l a t i o n s h i p  i.s 
\ where 
i s  
soi 
R ( h  
K ( h )  i s  t h e  canopy e x t i n c t i o n  c o e f f i c i e n t  and.R(h,n,ml,m2) 
he c r o p  t z r g e t  r e f l e c t a n c e  which v a r i e s  from t h a t  o f  bare 
R ( h ,  0,mlrm2) (LAI-0) t o  i n f i n i t e  c r o p  r e f l e c t a n c e  
m,m1,n12) ("1 l a r g e ) .  Canopy i n f i n i t e  r e f l e c t a n c e  i s  
e x h i b i t e d  whenever t h e  a d d i t i o n  of  more l e a v e s  and v e g e t a t i v e  
components t o  t h e  canopy by growth f a i l s  t o  change t h e  canopy 
r e f l e c t a n c e  [2]. I n f i n i t e  r e f l e c t a n c e  h a s  been obse rved  
e x p e r i m e n t a l l y  for  l e a v e s  s t a c k e d  o v e r  t h e  p o r t  o f  a s p e c t r o -  
photometer  121, and i n f i n i t e  r e f l e c t a n c e  v a l u e s  have a l s o  
becn p u b l i s h e d  f o r  wheat  c r o p s  [ 3 ] .  
Expr!ril\\at~ t n l  t u s t s  ( 4  ] hava slio\vn t h a t  itif i n i t c  oxop ref lac- 
tnirco i s  a t t a i n e d  for crops a t  a l l  wavslengtha  whenovor t h e  c r o p  
LAX i s  i n  excase o f  8.  F'igura 1 i s  a graph o f  t h e  s p e c t r a l  i n f i n i t e  
r o Z l a s k a n c c  curves for  sugarcnno and whant w i t h  LAX in cixcess o f  8 
from $00-1100 nm. The sugarcane r a f l a c k n n c o  d a t a  was t a k e n  from 
unpublistrod d a t a  of Dr. Ross Learner [[I) and t h e  whoat r a f l e c t a n c o  
clattl a p p e a r s  i r r  [ c i ]  . T t  shouLd be no tad  that o n l y  minor d i f f e r e n c e s  
i n  t h e  r e f l a c t a n c o  o f  t h e s e  two c r o p s  o c c u r  i n  t h e  v i s i b l e  r e g i o n ,  
w h i l e  s i g n i f i c a n t  d i f f c s c n c a s  o c c u r  i n  t h e  illerared r e g i o n .  Such 
d9EEercncos s i m i l a r l y  o c c u r  i n  Landsat  d ~ C a  for c h a n n e l s  3 a n d  4 ,  
as w i l l  be shown l a t o r  i n  t h i s  paper  and c a n  be used f o p  q i s c r i m -  
i n u  t i o u  purposes. Tho bnro soil syacksa'l rof lec t=nnco c u r v e  shown 6 
i n  F i g u r o  1 i l l u s t r a t e s  t h e  f a c t  t h a t  poor c o n t r a s t  e x i s t s  between I d 
s o i l  and vcgo tak ion  i n  the v i s i b l e  c h a n n c l s ,  while. a good c o n t r a s t :  i I 
e x i s t s  Ear khe i n f r a r e d  chnnna3a.  F u r t h c r ,  s i n c e  c a n o p i e s  aro more 1 i I 
i 
r e f l c c t i v a  thin11 b a r e  soil. i n  thc;? i n f r n r o d ,  d i g i t a l  c o u n t s  i n  Landsa t  1 
mu:t ispoctral  scanner (FIGS) c h a n n a l s  3 and 4 shou ld  i n c r e a s e  a s  Che i i 
I 
c rops i n c r c a s e  their LAI. Qn t h e  o t h o r  hand, s i n c e  c a n o p i e s  ara i 
I I 
lass  r e f l e c t i v e  t h a n  bara s o i l  i n  MSS channel 2 ,  d i g i t a l  c o u n t s  1 1 4  
should  d c c r c a s a  a s  c r o p s  i n c r e a s e  t h e i r  U I .  
Equa t ion  (1) can  bo implemented by knowing t h o  canopy e x b i n c t i o n  
couf f i c i e n t s  K ( A )  . Norman [ 7 ]  has  c o b l e c t e d  e x t i n c t L o n  c o e f  f i c i e n k s  I C 
meusurcd by obhar  a u t h o r s  for  s e v e r a l  c r o p s  and conc luded  t h a t  
v a r i a b i l i t y  o x i s t s  i n  t h o s e  measurements.  IIowevec, t h i s  a u t h o r  has 
usad exycx imentn l  f i e l d  r c f l a ~ t a n c e  spectra for g r a i n  sorghum t o  , 
detarmine? t h a t  tho cxkinclkion c o e f f i c i c l ~ t  xcnlains cons tant :  w i t h i n  i 
the 500-700 nm s e g i o n ,  and changes  at; abaut 700 nm t o  a new value, 
b u t  r emains  c o n s t a n t  a t  t h a k  value from 700-1100 nm. T h a t  i s ,  
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K(\) = K v t  5 0 0 ~ ~ ~ 7 0 0  
Kit 7 0 O ~ J ~ 1 1 0 0 .  
Such bchaviox: o f  t h e  e x C i ~ \ c t i o n  c o ~ f  f i c i c n t  i s  p r a b , ~ b l y  c11nrclctc.r- 
i s t j a  o f  a l l  crops, w i t h  the constants  Kbr and K X  c l rdns ing  fur 
difEa1:cnt. crops. 
Thc purposes  of t h i s  paper are to use e q u a t i o n  (1) t o  e x p l a i n  
I ~ a t i d s a t  dnta  t a k o n  a t  d i f f c r o n t  times d u r i n g  the growing saason of 
c o n \ ~ ~ ~ e r c i n l  c u l k i v a r s .  Equa t ions  +Are given to  convert ground-based 
crop r ~ f l e c t a n c a  meiisurenlsnts into Landsat d i g i t a l  counts f o r  a 
standard atmosphere ,  and f i n a l l y  methods are developed f o r  t h e  u s e  
of Landsat  dnta fa r  c r o p  i d e n t i f i c a t i o n  and t o  d e t e r m i n e  crop L A X .  
 formula^ f o r  thc Conversion oE Ground-Dased R o f l c c t a n c o  
- 
t ~ l a n s u r o m e n t ~ ~ a l  -- Counts  
T t  is not tho author's purposo to develop a dotnilcd ahman- 
pharic  tcnnsfcr model i n  this pnpcr.  Models have becn dovcloped 4 
t h a t  cwns idc r  R wic10 v a r i e t y  o f  input parameters. A n o t n b l c  1 
axum[stln i s  the atmospheric nrodel duvelaped by Turncr [ 8 1 .  
A model cml be dorivcd by c o n s i d e r i n g  s e q u e n t i a l l y  the modi f i -  
cations of  a L i g h t  beact e n t a r i n g  t h e  atmaopI\cre nard t r a v a l i n g  
dawnwasd t o  a v e g e t a t i v e  canopy, be ing  r e f l e c t e d  from thc canopy, 
t r a v a l i n g  upward through t h e  atnoephare to L a n d s a t ,  and f i n a l l y  
being convcrtcd by the Landgat yrnund system to d i g i t a l  c o u n t s .  
The number of c l i g i t a l  c o u n t s  i n  channel i, C h ( i )  far i=1,2,3,4 is 
- -  . - 
--_rr_.pR_ - -- 
whore 
(i) E ( A  ,ml )  i s  t h e  s o l a r  s p e c t r a l  r a d i a n t  f l u x  f o r  a i r  mass 
ml (watts ~n\-~nrn-* ) . The d a t a  used cam from Eltarman (91 , being  
w 
d e r i v e d  fox t h o  t ransmiss ion  o f  a c l e a r  s t anda rd  atn\osphere u s ing  
a Rnylaigh atmosphere combined w i t h  aerosol cornpolrants and 35 cm 
' 1  
t o t a l  ozona cotate~at. Yhis trnnsmiaeion d a t a  m u l t i p l i e d  by t h a  data 1 
c a l l c c t e d  by Thekaekara [ l o )  f o r  solar spaqkra l  r a d i a n t  f l u x  w i t h  
ze ro  a i r  mass gave t h e  xequixed results. 
(ii) D ( h , l )  i s  t h o  t r ansmi t t ance  o f  t h o  r\kmosphora through 
a v e r t i c a l  pa th .  Again, t h i s  d a t a  was found i n  Eltorman. 
(iii) K ( h , i )  i s  t h e  r e l a t i v e  response o f  chalrnal i i n  t h e  
Landsat  system t o  wavelength A ,  These Eaapsnsor functions ware 
found i n  Iiendarsan, Thomas, and Nalepklp [ l l ]  for Landsak-1. : 
1 ( i v )  A (i) ,D (i) are Landsat c a l i b r a t i o n  c o n s t a n t s  for chnnlral 
! 
i ns givan by Richardson [ 1 2 ) .  The subsequent  e q u a t i o n s  t h a t  appear  
4 I 
i n  t h i s  s e c t i o n  of the paper were de r ived  f o r  Landsat-1 i n  i ts  
early s t n g a s ,  buL a t r ans fo rma t ion  i s  givan t h a t  w i l l  c o n v e r t  these 
r e s u l t s  t o  l a t e r  Landsat systems. 
(v)  L p ( h )  i s  t h e  atmospheric p a t h  r a d i a n c e ,  t h e  most d i f f i -  4 
4 
c u l t  quantity t o  e s t i n u t e .  Eskimntes of these were ob ta ined  from 
d a t a  tnkcn by Ahern 1131 from Landsat using c l e a r  lakes as dark 
background. For usc i n  aqua t ion  ( 2 1 ,  Ahern's measuremenks were , 
nveragod o v e r  G r e p o r t i ~ r g  datcs givcn wi th  a i r  masses and candi t j . an  I 
of khc atmosphere unknown. An a n a l y s i s  of t h e  e f f e c t  o f  p a t h  
r ad i ance  w i t h  vary ing  a i r  massas was done by Richardson 1 1 4 )  for n 
clear s t anda rd  atmosphere us ing  t h e  a tmospher ic  model oE Furnor .  
Th i s  analysis i n d i c a t e d  thnk Tor a i r  masses i n  exces s  o f  1 .2 ,  
d i g i t a l  counts varied lrss than 5 counts  i n  channe l  3 and 1 coun t  i n  1 9  I I 4 I 
.---- ,- . -_ I _. ,_ 111111 i p  " .. 
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5 
I cknl\nal 4 .  ( v i )  a i - l , a i  n r o  t h o  lower and upper  l i l n i k s  of wave lang ths  
(nm) f o r  radiant unesgy datected i n  c h a n n e l  i. o f  Lnndsnt .  4 
Tho d i g i t a l  c o u n t s  far c h a n n e l s  1, 2 ,  and 3 v a r y  from 0 t o  I 
1 2 7  and c h a n n a l  4  varias Eram 0 t o  63.  
EqiinCion ( 2 )  was s v n l u n t a d  u s i n g  t h a  t s n p o z o i d a l  r u l e  for 
.I 
I 
I numer ica l  i n t e g r a t i o n  a t  50 nm s t e p  s i z e s  over t h e  r o s p a c t i v e  
c h s n n o l s .  'Phis s t e p  s izo  was chosen t o  c o n f i r ~ n  t o  p r e v i o u s l y  
mea sussd ground-based raf l acknnce  mensuramon t s t a k e n  by GeMnstor 
and Chnnca 1151 f o r  whoak, grain sorghum, and c o t t o n .  The results 
i are  as r o l l u u s :  i f  R ( X )  danokos t h o  c r a p  reflectance at2 waualengtdi I 
A ,  and 0 i s  thr3 solar  z ~ ~ l i i k h  a n g l e ,  
Ch(l) = 48.6 c x p ,  - ,370SocQ)R(500)  t 100 o x p ( - . 3 3 1 S a c 8 ) ~ ( 5 5 0 )  
.b 5 4 . 4  OSP ( - .  305SecO)R(GOO) t 1G 
611(2) 1 67 .6  cxp(-.3QSSaet ' l)R(600) + 127.6 esp(- .252SacQ)R(G50) 
+ 5 1 . 1  esp( - .217SacQ)R(700)  t 11 
Ch(3) 66.8 asp(-.217Setl0)1'\(700) t 87.5  exp (- .200SecQ)R(750) 
3 9 . 4  czip(-,187SccO)R(800) + 11 
C h ( + l )  - 10.2 c s p  ( - , l f17Sc?cO)~(800)  t 10.3 exp(-.177SacO)R(850) 
~1. 13.2  usp ( - .  1GGSsc11) R(900) -C 3.0 c;xp(-.159SecO)R(950) 
=k 5.4 esp (-. 1 5 1 S ~ c l \ ) ~ ( l Q 0 0 )  + 2.6 Q X ~ ( - .  148Se~O)R(1050)  
1 
.t. 3 
T h e s ~  f ~ n r ~ u l n s  should n ~ t  ba iiscd Ear s s l a r  zenith a n g l o s  ( 0 )  
i n  ccaxccss a f  7 2 Q ,  ns correction fo r  a t n \ o s p h ~ r i c  r e f r a c t i o l r  of l i g h t  
muat ba made [16 I . 1 
~ q u a k i c a n s  ( 3 )  app ly  only to Landsat -1  from 1-22-75 t a  7-15-75, 
but can be corrcskcd to model Landsat data on other dates by 
i 
1 
a d j u s t m e n t  of  t h e  c a l i b r a t i o n  c o n s t a n t s .  If C h 2 ( i )  is t h e  d i g i t a l  
coun t  i n  channel  i of  Landsat  on one o f  t h e  o t h e r  d a t e s  g i v e n  i n  
Tab le  1, then  o n e  u s e s  e q u a t i o n s  ( 3 )  t o  f i n d  C h ( i )  and 
C h 2 ( i )  = C h ( i ) * C ( i )  - D ( i ) .  
The C ( i )  and D ( i )  a r e  c o n s t a n t s  l i s t a d  i n  T a b l e  1 a s  a d a p t e d  from 
t h e  d a t a  o f  Richardson [12] f o r  d a t e s  from 1-22-75 t o  a t  l e a s t  1977. 
For u s e  on l a t e r  Lnndsat  d a t a ,  i t  shou ld  be  de te rmined  whether  
subsequen t  changes  i n  the c a l i b r a t i o n  c o n s t a n t s  have been made. 
F i g u r e  2 i s  a p l o t  o f  channe l  3 a g a i n s t  c h a n n e l  4 f o r  Landsat -1  
u s i n g  e q u a t i o n s  ( 3 ) .  The d a t a  taken came Cram Condit (171 i n  t h e  
form o f  t h e  s p e c t r a l  r e f l e c t a n c e  c u r v e s  f o r  American :ails t a k e n  
from 1 4  sites, and a p p e a r s  a s  circled dots. T h i s  d a t a  r e p r o d u c e s  
t h e  Kauth s o i l s  l i n e  [181, w i t h  low r e f l e c t i v e  soils a p p e a r i n g  a s  
d a t a  p o i n t s  i n  t h e  lower l e f t  s i d e  o f  t h e  g r a p h  and h i g h  r e f l e c t i v e  
s o i l s  a p p e a r i n g  i n  data i n  t h e  upper  r i g h t  side of t h e  graph.  The 
data p l o t t e d  i n  F i g u r e  2 a s  c r o s s e s  a p p e a r s  i n  Richardson [19] t a k e n  
from Landsat -1  d i g i t a l  c o u n t s  f o r  h igh  and low r e f l e c t i n g  b a r e  
s o i l s  i n  Hidalgo and N i l l a c y  C o u n t i e s ,  Texas .  
P i g u r c  3 i s  a n o t h e r  plot of channe l  3 v e r s u s  c h a n n e l  4 Landsa t  
d i g i t a l  c o u n t s  u s i n g  g r a i n  sorghual m u l t i t e ~ n p o r a l  s p e c t r a l  r e f l e c -  
t a n c e  d a t a  c o l l e c t e d  by Leblaster and Chance [ Z O ]  a s  ground-based 
measurements.  The c i r c l e d  d o t s  a r e  s in ru la ted  d i g i t a l  c o u n t s  u s i n g  
e q u n t i o r ~  ( 3 )  w i t h  a sun zcn i t t l  ang le  o f  28'. It i s  o f  i n t e r e s t  t o  
o b s e r v e  t h a t  t h e  simulated d a t a  i n i t i a t e s  a t  a p o i n t  on t h e  Kauth 
s o i l s  l i n e  and p r o g r e s s e s  upward d u r i n g  t h e  growing s e a s o n  a l o n g  a 1 1 
n e a r  s t r a i g h t  l i n e  with i n c r e a s i n g  L A I .  ~ u r i n g  t h e  o b s e r v a t i o n  
p e r i o d  t!lis g r a i n  sorghurn had an LA1 t h a t  i n c r e a s e d  from 0 t o  3. 
This da.lC.n cornpares f a v o r a b l y  with d a t a  c o l l e c t e d  by Richardson 4 
F 
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(211 from Landsat-1 f o r  g r a i n  sorghum f i e l d s  i n  t h e  Lower R i o  Grande 
V a l l e y  o f  Texas. These d a t a ,  a p p e a r i n g  a s  crosses, were t a k e n  from 
a s i n g l e  frame o f  Landsat  d a t a  hav ing  a sun z e n i t h  a n g l e  o f  2 8 O .  
The ground t r u t h  was c o l l e c t e d  f o r  t h e s e  same f i e l d s ,  w i t h  r e p o r t e d  
LAX r a n g i n g  from 3 t o  8 .5 .  Again, t h e  d a t a  rises a l o n g  what a p p e a r s  
t o  be t h e  same s t r a i g h t  l i n e  a s  t h e  s i m u l a t e d  Landsa t  d a t a  w i t h  
i n c r e a s i n g  L A 1  and  j o i n s  t h e  l i n e  a t  a n  LA1 o f  3. T h i s  f i g u r e  
s u g g e s t s  t h a t  an  a p p r o p r i a t e  s c a l i n g  o f  t h e  l i n e  a l o n g  which t h e  
d a t a  p o i n t s  i n c r e a s e  would y i e l d  i n f o r m a t i o n  on c r o p  LAI. Such 
a  r e s u l t  i s  e s t a b l i s h e d  l a t e r  i n  t h e  paper .  
F i g u r e  4 i s  a p l o t  o f  channe l  3 v e r s u s  c h a n n e l  4 d i g i t a l  
c o u n t s  f o r  Landsat -1  wheat d a t a .  The c i r c l e d  d o t s  r e p r e s e n t  sirnu-. 
l a t e d  Landsat -1  c o u n t s  u s i n g  e q u a t i o n s  ( 3 )  w i t h  rnu l t i t empora l  
s p e c t r a l  r e f l e c t a n c e  d a t a  f o r  Penjamo wheat c o l l e c t e d  by LeMaster 
and  Chance [6]. The d a t a  p o i n t s  a g a i n  rise from t h e  Kauth s o i l s  
l i n e  w i t h  i n c r e a s i n g  LA1 a l o n g  a  n e a r  s t r a i g h t  l i n e  ( r 2 = . 9 7 )  
r e a c h i n g  a  maximum d i s p l a c e m e n t  f o r  t h e  maximum LA1 f 4 .09  a t  t h e  
f l o w e r i n g  s t a g e .  P a s t  t h e  f l o w e r i n g  s t a g e  t o  t h e  g r a i n  f i l l i n g  
s t a g e  t h e  l e a v e s  l o s e  t h e i r  g r e e n  c o l o r  and LA1 d e c r e a s e s  r e s u l t i n g  
i n  a d e c r e a s e  i n  canopy r e f l e c t a n c e  i n  t h e  i n f r a r e d .  The c o r r e s -  
ponding Landsat  d i g i t a l  c o u n t s  d e c r e a s e  i n  b o t h  c h a n n e l s  3 and 4 ,  
b u t  t h e  p o i n t s  remain on t h e  same l i n e  a s  formed when t h e  LA1 was 
i n c r e a s i n g .  T h i s  s u g g e s t s  t h a t  l e a f  wa te r  and c h l o r o p h y l l  c o n t e n t  
changes  t h a t  occur i n  a  wheat canopy a s  it m a t u r e s  a f f e c t s  c h a n n e l  
3 and 4 i n  an  e q u a l  manner. F u r t h e r ,  it s u g g e s t s  t h a t  growth s t a g e s  
fo r  wheat canno t  be determined s o l e l y  by p l o t s  of c h a n n e l  3 v e r s u s  
c h a n n e l  4 .  
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The d o t s  t h a t  appear i n  F igure  4 a r e  s imula ted  Landsat-1 
d i g i t a l  coun t s  u s ing  s p e c t r a l  r e f l e c t a n c e  d a t a  i n  e q u a t i o n s  ( 3 ) .  
The da t a  w a s  c o l l e c t e d  by P r o j e c t  LACIE f o r  W i l l i s t o n ,  North 
Dakota, i n  1976 (31. The d a t a  p o i n t s  rise from t h e  Kauth s o i l s  l i n e  
a long  a s t r a i g h t  l i n e  w i th  i n c r e a s i n g  LAI. 
The c r o s s e s  t h a t  appear  i n  F igure  4 a r e  a c t u a l  Landsat-1 
mul t i t empora l  d i g i t a l  coun t s  c o l l e c t e d  by Kanemasu [ 2 2 ]  for wheat 
grown i n  R i l ey  County, Kansas. Ground t r u t h  was c o l l e c t e d  f o r  t h i s  
s i te ,  and a s  p r e d i c t e d  by t h e  s imu la t ion ,  t h e  d a t a  p o i n t s  rise w i t h  
i n c r e a s i n g  LA1 a long  a n e a r  s t r a i g h t  l i n e  (r 2=. 95) reach ing  a 
maximum disp lacement  a t  t h e  maximum LA1 of 3.49. The Landsat  d a t a  
p o i n t s  appear  t o  be l a t e r a l l y  d i s p l a c e d  from t h e  s imu la t ion  p o i n t s ,  
b u t  t h i s  can  be expla ined  by c i i f fe rences  i n  s o i l  r e f l e c t a n c e  
between R i l ey  County, Kansas, Hidalgo County, Texas, and \V i l l i s t on ,  
North Dakota. Tha t  i s ,  t h e  d a t a  sets emerge from d i f f e r e n t  p o i n t s  
a long  t h e  Kauth s o i l s  l i n e .  The r e g r e s s i o n  l i n e s  a r e  p l o t t e d  f o r  
e a c h  d a t a  s e t  and it can be seen t h a t  f o r  low LA1 t h e  l i n e s  a r e  
d i v e r g e n t  because n o t  much of t h e  v e g e t a t i v e  canopy cove r s  t h e  
so i l ,  and t h e  two d i f f e r e n t  s o i l s  have d i f f e r e n t  r e f l e c t a n c e s .  A s  
t h e  LA1  i nca reases t  and t h e  d a t a  p o i n t s  rise a long  each  o f  t h e  
r e s p e c t i v e  l i n e s ,  t h e  l i n e s  converge. The d i s s i m i l a r  soils a r e  
being covered by v e g e t a t i o n  whose r e f l e c t a n c e s  are similar. I t  i s  
of i n t e r e s t  t o  n o t e  t h a t  th,e l i n e s  c r o s s  a t  t h e  p o i n t  (65,32)  , 
implying t h a t  f o r  very  l a r g e  L A 1  and complete ground coverage,  
wheat,  r e g a r d l e s s  o f  t h e  geographic  a r e a ,  looks  s i m i l a r  i n  channe ls  
3 and 4 o f  Landsat .  An impor tan t  i d e a  can  t h u s  be  e x t r a c t e d  from 
Figure  4 :  r e g a r d l e s s  of geographic  l o c a t i o n ,  wheat mul t i t empora l  
d a t a  i n  Landsat  channe ls  3 and 4 produce a l i n e a r  p a t t e r n  t h a t  
--* - - - - - . - - -  
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p r o g r e s s e s  toward t h e  neighborhood of t h e  p o i n t  (65,32).  I n  f a c t ,  
t h e  r e g r e s s i o n  l i n e s  a r e  c l o s e  t o  being p a r a l l e l ,  so t h a t  a13 
l i n e s  are wi th in  one d i g i t a l  count  of e q u a l i t y  from (53,22) onward. 
Other Landsat  d a t a  are needed e s p e c i a l l y  f o r  wheat grown on a 
h igh ly  r e f l e c t i v e  s o i l  t o  sharpen t h e  e s t i m a t e  on t h i s  neighborhood. 
On t h e  b a s i s  o f  t h i s  evidence,  it appears  t h a t  i n f i n i t e  r e f l e c t a n c e  
s p e c t r a  i s  an impor tan t  parameter  t h a t  should be c o l l e c t e d  f o r  a 
crop. I f  one a p p l i e s  equa t ion  (3)  t o  t h e  i n f i n i t e  r e f l e c t a n c e  
curves  f o r  sugarcane and wheak shown i n  F igure  1 us ing  a 28O s o l a r  
z e n i t h  angle  t h e  fu l lowing  i s  obtained:  sugarcane channe l  3, 81, 
channel  4 ,  34 ;  wheat channel  3, 56,  channel  4 ,  28. Thus t h e  wheat 
i n f i n i t e  r e f l e c t a n c e  p o i n t  f a l l s  w i th in  t h e  neighborhood shown i n  
Figure  4 and more impor t an t ly ,  t h e  i n f i n i t e  p o i n t s  f o r  sugarcane 
and wheat a r c  d i s t i n c t .  Thus mul t i temporal  sugarcane d a t a  p o i n t s  
emerge from t h e  Kauth s o i l s  l i n e  i n  a d i f f e r e n t  d i r e c t i o n  than  
wheat d a t a  points.,, 
Ref lec tance  s p e c t r a  were ob ta ined  f o r  o t h e r  c rops  having a 
l a r g e  LA1 and conver ted  i n t o  Landsat-1 d i g i t a l  coun t s  u s ing  
equations,  ( 3 )  and t h e  r e s u l t s  are foucd i n  Table  2. F igure  5 i s  
a p l o t  of t h e s e  p o i n t s  and t h e  i d e a l i z e d  rnultikernporal t r a c e s  
made by channel  3 v e r s u s  channel  4 Landsat d i g i t a l  coun t s  f o r  e a c h  I 
i 
,'of t h e  four  c r o p s  grown i n  e a s t e r n  Hidalgo County, Texas. I t  is 
I 
of i n t e r e s t  t o  n o t e  t h a t  t h e  p o i n t s  a r e  s epa ra t ed  as t o  c rop  type  
wi th  a wide d ivergence  between g r a i n  sorghum and sugarcane and a 
narrow divergence between wheat and corn.  Whether such d i f f e r e n c e s  
can be observed w i t h  a c t u a l  Landsat d a t a  should be t e s t e d  w i t h  
a v a i l a b l e  d a t a  sou rces .  Figure  5 seems reasonable ,  s i n c e  it 
i m p l i e s  t h a t  i n  t h e  e a r l y  s t a g e s  of growth w i t h  low LA1 most ly  s o i l  
- - - .  
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is showing, and each of  t h e  l i n e s  i s  close t o  the so i l  p o i n t  so 
t h a t  c r o p  d i s c r i m i n a t i o n  i s  d i f f i c u l t ,  As t h e  c r o p s  i n c r e a s e  t h e i r  
L A X ,  d i f f e r e n c e s  i t 1  t h e i r  d i g i t a l  c o u n t s  a p p e a r  more a p p a r e n t  as 
m o s t l y  v e g e t a t i o n  i s  showing and a t  t h i s  s t a g e  c r o p  d i s c r i m i n a t i o n  
s h o u l d  bc c ~ s i e r .  T h e  d i f f e r e n c e s  i n  d i g i t a l  c o u n t  f o r  d i f f e r e n t  
c r o p s  j.s n o t  onsy t o  e x p l a i n .  Gausn\an, e t  aLt[231 have nwasured 
s i n g l e  leaf r e f l c c t a n c e s  f o r  twenty  c r o p s ,  and t h c i r  r e s u l t s  i n d i -  
cate very l i t t l e  diffcrcr~ce between i n d i v i d u a l  h a v e s .  P o s s i b l e  
d i E f e r c n c e s  between c r o p s  i n  t h e  n e a r  i n E r a r e d  l i e  i n  such 
c h a r a c t e r i s t i c  s p e c i e s  a r c h i k e c t u r e  of f i e l d  grown p l a n t i n g s  a s  
l e a f  s l o p c ,  leaf: size and shape,  and p l a n t  h e i g h t .  
M u l t i t e ~ n p o r a l  -. Behavior  of L a n d s a t  Data  
To model t h e  m u l t i t e m p o r a l  behavior o f  L a n d s a t  d a t a ,  s u b s t i t u t e  
I 
e q u a t i o n  (1) i n t o  ( 2 )  . A f t e r  solne s i l n p l i f i c a t i o n  yi 
f o r  i = 1,2 
where 
S (i) i s  t h e  term t h a t  measures t h e  e f f e c t s  of barc soil  
r a d i a n c e  o n  Landdat  d a t a ,  I ( i )  i s  t h e  term t h a t  measures  t h e  effects 
of i n f i ~ i t e  crop r a d i a n c e  on Landsat  d a t a ,  and  L ( i )  measures  t h e  i 
e f f e c t s  of a t m o s p h e r i c  p a t h  r a d i a n c e  o n  Landsa t  data. I n  what 1 
f o l l o w s  it w i l l  be  assumed t h a t  S(i) , I (i) , and  L ( i )  remain con- 
s t a n t  f o r  e v e r y  d a t a  a c q u i s i t i o n  d a t e  o f  Landsat .  Such w i l l  never  
be t h e  case f o r  a n y  r e a l  s i t u a t i o n ,  however, s i n c e  s o i l  r e f l e c t a n c e  
changes  w i t h  change i n  s o i l  moisture, t h e  q u a l i t y  of t h e  atmos- 
phere  v a r i e s  from day t o  day,  and t h e  s o l a r  a i r  mass v a r i e s  s l i g h t l y  
from one  a c q u i s i t i o n  d a t e  t o  a n o t h e r  due  t o  s o l a r  d e c l i n a t i o n .  
Using t h e  above assumpt ions ,  s o l v i n g  e q u a t i o n s  ( 4 )  f o r  eDKvn 
and e q u a t i n g  l i k e  terms y i e l d s  1 1 
Performing t h e  same o p e r a t i o n s  on  e q u a t i o n s  ( 5 )  y i e l d s  
Equat ion  ( 6 )  p r e d i c t s  a  l i n e a r  r e l a t i o n s h i p  between c h a n n e l  1 i 1 
and  c h a n n e l  2 w h i l e  e q u a t i o n  ( 7 )  a l s o  p r e d i c t s  a l i n e a r  r c l a t i o n -  
s h i p  for channe l  3 and c h a n n e l  4 .  Equa t ion  ( 7 )  i s  v e r i f i e d  e x p e r i -  ri 
1 
\ 
m e n t a l l y  i n  b o t h  F i g u r e s  3 and 4 .  It  i s  o f  i n t e r e s t  ko o b s e r v e  I 7 
f 
t h a t  t h e  s p r e a d  of d a t a  i n  t h e s e  f i g u r e s  a b o u t  t h e  l i n e a r  r e l a t i o n -  I 
s h i p  i s  p r o b a b l y  due  t o  v a r i a t i o n  i n  S ( i ) ,  I ( i ) ,  and L ( i )  from one 
a c q u i s i t i o n  d a t e  to  t h e  o t h e r ,  b u t  a p p e a r s  t o  have o n l y  a moderate I I 
I 
effect on t h e  l i n e a r i t y  of t h e  da ta ,  
If one s o l v e s  e q u a t i o n s  ( 4 )  and (5 )  fo r  e-* ,  t h e n  t h e  
- -- . - " - - --7- - 7 -  
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r e l a t i o n s h i p  between channel i i n  t h e  v i s i b l e  region ( i=1 ,2 )  
and channel  j i n  t h e  infrared ( j 3 3 , 4 )  i s  
B (i) C h ( i )  - I ( i )  + -. - C ( i )  
A ($1 
S ( i )  - I ( i )  
Equation ( 8 )  i s  a  non l inea r  r e l a t i o n s h i p  which has  been " 1 
observed expe r imen ta l ly  i n  graphs  of channe l  i v e r s u s  channel  j .  
This  n o n l i n e a r i t y  i s  due p h y r ~ i c a l l y  t o  d i f f e r e n c e s  i n  l i g h t  
a t t e n u a t i ~ n  through v e g e t a t i v e  canopies  t h a t  occur  between 
v i s i b l e  and i n f r a r e d  wavelengths. For example, mul t i t empora l  
p l o t s  of  Landsat  channel  2 ve r sus  channel  4 o r i g i n a k e  on t h e  
Kauth s o i l  l i n e ,  and as  t h e  c rop  grows and LA1 i n c r e a s e s  
channel  2 r ead ings  decrease  and channel  4 r ead ings  i n c r e a s e .  
f ~ k a n n e l  2 r ead ings  do n o t  i n c r e a s e  a p p r e c i a b l y  f o r  L A 1  g r e a t e r  
t h a n  2 whi le  channe l  4 r ead ings  t e n d  t o  i n c r e a s e  up t o  LA1 of  
7 ,  caus ing  a v e r t i c a l  asymptote i n  t h e  graph.  I n  c o n t r a s t ,  
a s  has been seen  from F igu res  3 and 4 ,  channel  3 v e r s u s  channel  
4 p l o t s  i n c r e a s e  i n  a  l i n e a r  manner with d e t e c t a b l e  changes 
1 
observed f o r  LA1 g r e a t e r  t han  2 i n  bo th  channels .  Observa t ions  1 ! 
from Landsat  d a t a  [21] f u r t h e r  i n d i c a t e  t h a t  t h e  v i s i b l e  
channe ls  are "noisy"  and that t h e r e  i s  a  r e l a t i v e l y  smal l  
i 1 
8 r 
change i n  d i g i t a l  counts from ba re  s o i l  r ad i ance  to i n f i n i t e  1 
crop radiance which t e n d s  t o  compress t h e  d a t a  on a smal l  scale. 
j 
I t  i s  fo r  t h e s e  reasons  t h a t  t h e  au tho r  s e l e c t e d  p l o t s  s f  
channel  3 versus channel  4 f o r  a n a l y s i s  i n  t h i s  paper .  1 
i 
i 
U s e  of Landsa t  Data t o  Determine LA1 
-
S o l v i n g  e q u a t i o n  (5)  f o r  n i n  Landsat -1  ( B ( i ) = O )  g i v e s  
which c a n  be used  f o r  e i t h e r  c h a n n e l  3 o r  c h a n n e l  4 .  To d e m o n s t r a t e  
t h e  use  o f  e q u a t i o n  (9), t h e  sorghum d a t a  f o r  c h a n n e l  3 i n  
Richardson [21] w i l l  be used t o  estimate LAI. The s o i l  r a d i a n c e  
ft, t h i s  d a t a  w a s  unknown so t h e  i n t e r s e c t i o n  of t h e  r e g r e s s i o n  
l i n e  formed by t h e  sorghum d i g i t a l  c o u n t s  i n  c h a n n e l s  3 and 4  w i t h  
t h e  Kauth s o i l s  l i n e  was found,  g i v i n g  a v a l u e  of 13.  I(3) w a s  I 
t 
c a l c u l a t e d  from t h e  Richardson d a t a  f o r  t h e  d i g i t a l  c o u n t  i n  c h a n n e l  
3 of  t h e  c r o p  whose LA1 i s  8.5.  S i n c e  L ( 3 )  =11 (see e q u a t i o n s  ( 3 )  ) , 4 
then  
I(3) = 65 - 11 = 54 .  
S i m i l a r l y ,  S ( 3 )  = 13 - 11 = 2 .  
The canopy e x t i n c t i o n  c o e f f i c i e n t  was c a l c u l a t e d  from d a t a  
taken by LeMaster and Chance 1201 f ~ c  a r a i n  sorghum, 
KI = ' 4 9 .  
Equation ( 9 )  becomes 
T a b l e  3 i s  a comparison of khe measured L A 1  f o r  grain sorghum 
f i e l d s  g i v e n  by Richardson and t h e  LA1 v a l u e s  c a l c u l a t e d  by 
e q u a t i o n  ( 1 0 ) .  The a v e r a g e  e r r o r  is  an  LA1 o f  , 6 6 .  The l a s t  
three e n t r i e s  i n  Table  3 i n d i c a t e  t h a t  a n  i n f i n i t e  canopy r e f l e c -  
* {  d 
t anca  o c c u r s  i n  c h a n n e l  3 fo r  an  LA1 between 5 . 1  and 6 . 9 .  Chance 
and LeMas'ker [4J have used t h e  v e g e t a t i v e  canopy r e f l e c t a n c e  model 
developed by S u i t s  1241 t o  c a l c u l a t e  t h a t  i n f i n i t e  canopy r e f l e c -  
t ance  o c c u r s  a t  a n  LA1 of 6.11 i n  t h i s  wavelength r eg ion .  
Conclusions 
1. A method has  been given t o  t ransform ground-based 
v e g e t a t i v e  canopy r e f l e c t a n c e  d a t a  i n t o  t h e  f o u r  Landsat  
MSS d i g i t a l  coun t s  fo r  a c l e a r  s t anda rd  atmosphere. T h i s  
t r ans fo rma t ion  i s  s impler  t o  apply  than  o t h e r  known 
atmospher ic  models, and compares w e l l  w i th  a c t u a l  
Landsat  d a t a .  
2 .  P l o t s  o f  Idandsat. channel  3 versrls channel  4 mul t i t empora l  
crop da ta  y i e l d s  in format ion ,  bo th  f o r  c r o p  d i s c r i m i n a t i o n  
and c rop  LAI.  
3 .  I n f i n i t e  c rop  r e f l e c t a n c e  s p e c t r a  a r e  impor tan t  parameters  
t h a t  should be c o l l e c t e d  f o r  v e g e t a t i v e  canopies .  T h i s  
parameter may un ique ly  d i s t i n g u i s h  t h e  d i f f e r e n t  c r o p s .  
4 .  Crop LA1 can be c a l c u l a t e d  f o r  mul t i t empora l  Landsat  II 
d a t a  w i t h  p r i o r  knowledge of  s o i l  r e f l e c t a n c e  c h a r a c t e r -  
ist ics and c rop  i n f i n i t e  r e f l e c t a n c e  s p e c t r a .  
P 1 1 , 
I 
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F i g u r e  1. 
FIGURE CAPTIONS 
A c a n p a r i s o n  of b a r e  s o i l  r e f  bec tance  f o r  e a s t e r n  Hidalgo County, 
Texas, w i t h  t h e  i n f i n i t e  r e f l e c t a n c e  s p e c t r a  f o r  s u g a r c a n e  and 
whea t .  
F i g u r e  2.  
The Kauth so i l s  l i n e  d e r i v e d  from e q u a t i o n s  ( 3 )  u s i n g  d a t a  from 
C o n d i t .  The c r o s s e s  a r e  Landsat  d i g i t a l  c o u n t s  f o r  b a r e  s o i l  t a k e n  
f rom Richardson.  
F i g u r e  3. 
A comparison o f  d i g i t a l  c o u n t s  d e r i v e d  from e q u a t i o n s  ( 3 )  g r a i n  
sorghum reflectance w i t h  Landsat  d i g i t a l  c o u n t s  f o r  g r a i c  sorghum. 
F i g u r e  4 .  
A comparison of d i g i t a l  c o u n t s  d e r i v e d  from e q u a t i o n s  ( 3 )  u s i n g  
wheat  r e f l e c t a n c e  from two sites. 
F i g u r e  5.  
I d e a l i z e d  m u l t i t e m p o r a l  Landsnt  t r a j e c t o r i e s  f o r  f o u r  c r o p s .  
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1 7 /16 /75  to present: 
I 
Table 1. 
Other palihratinn Constants Required to Convert Equations (3) to 
tn. (Based on compiled calibration constants i n  [12]) 
Table  2. 
Lanclsat-1 Digital Counts  for  S e v e r a l  Crops  w i t h  Large  LAI. 
Type o f  Data d 
Landsat -1  s i m u l a t i o n  
u s i n g  e q u a t i o n s  ( 3 )  
w i t h  a 2 8 O  solar 
z e n i t h  a n g l e .  
Landsat-21 d a t a  from 
Richardson [211 w i t h  
2 8 O  solar z e n i t h  
a n g l e .  
Landsat -1  c o n v e r t e d  
from Landsat-2 d a t a  
by T a b l e  1 w i t h  
unknown solar z e n i t h  
a n g l e .  Data 
s u p p l i e d  by  J e r r y  
Richardson ,  USDA-SEA, 
Weslaco, Texas. 
Landsa t -1  s i m u l a t i o n  
u s i n g  e q u a t i o n s  (3) 
from s p e c t r a l  r e f l e c -  
t a n c e  d a t a  s u p p l i e d  
by D r .  Ross Leamer, 
USDA-SEA, \ 'Jeslaco, 
Texas. 
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